The spinel peridotite inclusions in basalts from Sardinia are upper-mantle residues affected by metasomatism which led to an enrichment particularly of U and light REE. The metasomatism took place prior to the recrystallization which produced the primary mineral assemblage of the inclusions. The compositional variations imply that the xenoliths are residual after at least two melting events.
Introduction
IN principal, elemental abundances of the upper mantle may be provided by analyses of basalts which are thought to be partial melts from the mantle, and/or by analyses of ultramafic rocks which represent mantle material. In practice, it is very difficult to reconstruct the composition of the mantle because of the superimposed effects of various processes on the distribution of trace elements (De Paolo, 1983) . In particular, numerous recent studies have shown that many xenoliths were contaminated and/or metasomatized by fluids rich in incompatible elements such as light rare-earth elements and U. However, additional trace element data are needed to better understand and constrain such processes. This paper deals with the distribution of trace elements in ultramafic xenoliths that occur in Plio-Quaternary alkali basalts from Pozzomaggiore, Sardinia (Italy), in order to discuss the origin of these inclusions and put constraints on the upper-mantle composition beneath Sardinia.
Petrology
Plio-Quaternary alkali olivine basalts from Pozzomaggiore, north-western Sardinia (Italy) frequently contain xenoliths of spinel peridotite. A detailed description of the petrography and mineral chemistry of the ultramafic xenoliths and their host basalts were given by Albuquerque et al, (1977) and Dostal and Capedri (1976) and thus only a brief summary is outlined below.
The most basalts are porphyritic. The phenocryst phases are olivine, clinopyroxene and plagioclase which are enclosed in a groundmass of glass, olivine, clinopyroxene, plagioclase and FeTi oxide.
The peridotite xenoliths range in size from 10 to 20cm. They contain a typical four-phase mineral assemblage of olivine, orthopyroxene, clinopyroxene and spinel although the modal proportions of the minerals in the individual xenoliths are somewhat variable. Most xenoliths are spinel lherzolite but some are olivine pyroxenite. No hydrous phases such as amphibole or phlogopite were observed. The small amount of glass in some xenoliths is considered to be the product of internal melting and it occurs in association with clinopyroxene or in reaction rims around spinel. The various geothermometers based upon the composition of the minerals gave low values suggesting subsolidus re-equilibration (Albuquerque et al., 1977) .
Analytical notes
Thirteen ultramafic xenoliths were selected from a set of samples studied by Albuquerque Mineralogical Magazine, October 1987, Vol. 51, pp. 561-568 (~) Copyright the Mineralogical Society Corresponding major element data are given In Dostal and Capedrl (1976) .
Ref.
-original sample nt~nbers of Albuquerque et al. (1977) and Dostal and Capedrl (1976) . (1977) and Dostal and Capedri (1976) . From five of these xenoliths, the constituent minerals--olivine, orthopyroxene and clinopyroxene--were separated and analysed for trace elements. V, Cr, Co, Ni, Cu and Zn were determined by atomic absorption. Rare-earth elements (REE), Th, Hf and Sc in clinopyroxenes and Sc in whole-rocks were analysed by instrumental neutron activation. The precision and accuracy of the analytical methods were given by Dostal et al. (1983) . REE in whole-rocks were determined by a radiochemical neutron activation method described by Savoyant et al. (1984) . In general, the precision of all these methods is better than 10%. The values for the mineral phases are the averages of two determinations. The minerals were separated by magnetic and heavy liquid methods and by handpicking using a binocular microscope. The separates were subsequently washed in 2NHC1 and again handpicked under a binocular microscope. The purity of the pyroxenes and olivine was optically estimated to be better than 99%.
Geochemistry
Mineral phases. The trace-element data for several mineral phases separated from the xenoliths are given in Tables 1 and 2 . The distribution of Sc, Cr, Co and Ni in pyroxenes and olivines of the ultramafic xenoliths is similar to that described in detail by Stosch (1981) from a suite of spinel peridotite xenoliths. The concentration of Co and Ni in the minerals of the various xenoliths remains nearly constant whereas Sc and Cr abundances are variable. In each mineral phase, Zn shows little variation while Cu varies by a factor of 3. This range of variation is mainly due to analytical error at such low concentration levels. Compared to major constituent minerals, the higher Zn contents in whole-rocks may be related to the occurrence of spinel which is enriched in Zn by a factor of 20-50 relative to olivine (Dupuy and Leblanc, 1984) . However, the low Cu content in spinel (Dupuy and Leblanc, 1984) cannot account for its high abundance in the whole-rock. This Cu content is higher than that in the major constituent minerals and may be due to the presence of submicroscopic grains of sulphides. The V content decreases from clinopyroxene through orthopyroxene to olivine while Zn increases in this direction.
The partition coefficient values (K) for olivine/ orthopyroxene andclinopyroxene/orthopyroxene (Table 3) vary within a small range and are cients of variation are <10%, except for K 400 of Cr which is probably affected by the presence of spinel in olivine). It is noteworthy that K epx/~ u o0b for Ni, V, Co, Cu and Cr are nearly identical to that of pyroxenes from granulitic rocks (Liotard and Dupuy, 1980) suggesting subsolidus re-equi-300 libration under conditions similar to those of the lower crust.
The distribution of REE in clinopyroxene is shown in Fig. 1 . Like U (Dostal and Capedri, 2o0 1976) , the REE content is highly variable among individual samples and a positive correlation exists between U and light REE (LREE) (Fig.  2) . The homogeneous distribution of U tracks within mineral phases (Dostal and Capedri, 1976) loo implies that REE may also be uniformly distributed in the minerals. Two types of chondritenormalized REE patterns have been identified among the clinopyroxenes: (a) LREE-enriched patterns with La/Yb > 4, typical of clinopyroxene belonging to group Ia of Stosch and Seek (1980) ; (b) a LREE-depleted pattern (sample 4) with La/Yb < 1 similar to clinopyroxene of group Ib (Stosch and Seek, 1980) . A comparable range of LREE-enriched patterns has also been described by Frey and Green Sardinia; tdangles----clinopyroxene from Sardinian inclusions; stars---clinopyroxenc from Victorian inclusions (Frey and Green, 1974) . Error bars correspond to two standard deviations. U data on Sardinian inclusions are from Dostal and Capedri (1975) . "0 data (ppb) from Dostal and Capedrl (1976 Frey (1983) , the LREE enrichment in diopside from spinel peridotite xenoliths reflects mantle enrichment events. As also evident in other areas (Frey and Green, 1974; Frey and Prinz, 1978) , the clinopyroxene REE patterns are reflected in those of the whole-rock inclusions, with the exception of one sample. The clinopyroxene of sample 4 has LREE/heavy REE (HREE) less than the chondritic ratio, whereas the whole-rock shows a relative LREE enrichment. A similar feature has been encountered in the Dreiser Weiher peridotite xenoliths (Stosch and Seck, 1980) and attributed to surface contamination. Sample 4 was probably also contaminated since a mass balance calculation for U indicates that only about 30% of this element is present in the mineral phases (Dostal and Capedri, 1976) .
Whole-rocks. The major element composition of the ultramafic xenoliths ranges between harzburgitic and lherzolitic, with the exception of sample 7 which is a pyroxenite (Table 4) The samples display large variations in REE distribution patterns (Fig. 3) observed in ultamafic xenoliths from other localities (Menzies, 1983; Frey and Prinz, 1978; Aoki and Suwa, 1977) . Overall, the inclusions are enriched in LREE relative to HREE, but this enrichment is highly variable and is especially marked in samples 5, 6, 12 and 13 (La/Yb ratio ranges between 14 and 25). Other samples display U-shaped patterns with relative depletion in the middle REE region and a (Tb/Yb)n ratio <1. The HREE are correlated with A1203 and/or CaO (Fig. 4) . A positive correlation also exists between HREE and Sc and V, but LREE do not show similar relationships. Xenoliths and low A1203 have high LREE contents (e.g. samples 5 and 12) and no correlation between LREE and Ca0 is apparent (Fig. 5) . On the other hand, LREE correlate with U, especially in clinopyroxene (Fig.   2 ). CaO diagram for spinel lherzolite inclusions. Full circles inclusions from Sardinia except for sample 7 (pyroxenite); crosses inclusions from Western Victoria (Frey and Green, 1974) . Error bars correspond to two standard deviations. 
Discussion
Spinel harzburgite and lherzolite inclusions are considered to be residues of upper-mantle material after the removal of basaltic melt. This is consistent with the depletion of the less refractory major elements A1, Ca, Ti, Na, K and incompatible elements such as Yb, Sc and V in our samples. In contrast, the LREE are frequently enriched relative to HREE (Figs 4 and 5). Similar features reported for ultramafic inclusions from other areas (Menzies, 1983; Frey, 1983; Frey and Prinz, 1978; Maaloe and Aoki, 1977) have been attributed to metasomatic processes involving a liquid or a fluid phase highly enriched in LREE. Additional evidence for the metasomatic introduction of these elements is provided by other geochemical data and petrographic observations. Sample 5, which has the highest total REE abundances, is relatively enriched in Na and Ca (Table  4) and depleted in AI. The high Ca and Na content cannot be explained by processes based only on crystal-liquid equilibria but also implies secondary enrichment of both elements. In addition, this and some other inclusions contain small amounts of glass unrelated to the host basalts (Albuquerque et al., 1977) . Such glass is encountered in the inclusions from Victorian basanites (Frey and Green, 1974) and is considered to be formed by the breakdown of amphibole during the ascent of the inclusions. Its occurrence, therefore, may indicate the previous presence of amphibole which probably resulted from the impregnation of the upper-mantle material by a hydrous fluid. From the data on U abundances, Dostal and Capedri (1976) concluded that the Sardinian xenoliths were contaminated by a fluid highly enriched in U. The correlation between LREE and U in both whole-rocks and clinopyroxene (Fig. 2) suggests that the LREE were also affected by this contamination process. A similar correlation of La with U was found by Frey and Green (1974) in the Victorian xenoliths. The pyroxenite, which has a high U and REE concentrations as the enriched ultramafic inclusions, may represent a cumulate affected by a metasomatic process. The homogeneous distribution of U tracks in the minerals (Dostal and Capedri, 1976) implies that the inclusions were contaminated before or during their recrystallization, prior to their incorporation into the host basalts which are not genetically related to the inclusions.
Except for a few samples (4, 7, and 8) which were most affected by the enrichment mechanism, the other xenoliths display a positive correlation among AI, Ti, Na, Ca, Sc, V and HREE and all these elements are negatively correlated with Ni, Co and Zn (e.g. Fig. 6 ). These variations may suggest that the different xenoliths have been produced by variable degrees of partial melting. This hypothesis has been evaluated quantitatively on the basis of Yb vs. Yb/Sc ffactionation by the total equilibrium equation of Shaw (1970) which relates the concentration of elements in the xenoliths (Cs) and the bulk partition coefficients (D) to the abundances in the source (Co) and degree of partial melting (F). Two sets of partition coeff~ -cients corresponding to different temperatures (Ray et al., 1983) were used in the calculations (Fig. 7) . In addition, spinel has been omitted from the calculation due to the very low partition coefficients for Yb and Sc and the small modal proportions. The calculated compositions of the residue display a distinct fractionation trend for each set of partition coefficients. The trend is steeper for low values of coefficients (curve I). The other trends (II-V) were obtained using the high value set. The composition of the source for trend I was assumed to be pyrolotic (Stosch and Seck, 1980) while for the other trends, it was taken as already residual after previous extraction of the melt. A comparison with the calculated fractionation trends (Fig. 7) shows that the analysed xenoliths were not derived from a single source by a variable degree of melting. Fig. 7 suggests that at least two different source rocks were required (Stosch and Seck, 1980 ) (x). For comparison, the calculated compositions of the residue after partial melting are shown. Curve I represents the calculated path of the residue from the pristine upper mantle using low values of partition coefficients whereas curves II-V correspond to the residue derived from the previously depleted mantle using high partition coefficients. The parameters of melting are: partition coefficients for Yb from Stosch and Seck (1980) , those of Sc (after Ray et al., 1983) ; high values of partition coefficients---cpx/1 = 2.0, opx/cpx = 0.28, op/cpx = 0.040; low partition coefficients--cpx/l = 0.45, opx/cpx = 0.24, ol/cpx = 0.025. and that both sources might have been already residual after a previous episode of extraction of basaltic magma. The data on peridotite xenoliths from Dreiser Weiher (Stosch and Seck, 1980) and Hoggar (Dupuy et al., 1986) have also been plotted on Fig. 7 for comparison. The xenoliths from each locality display distinct sub-parallel fractionation patterns suggesting that they were affected by the same processes as Sardinian xenoliths, probably by two partial melting events. However, there are differences among the various localities. Fig. 7 indicates that the first melting stage was the most extensive among the Sardinian xenoliths whereas the xenoliths from Hoggar were hardly affected and had nearly pyrolitic composition before the second melting event.
Conclusions
The spinel peridotite xenoliths from Sardinia underwent a complex evolution. Despite the absence of hydrous minerals such as amphibole, all studied xenoliths were affected by metasomatic processes to variable degrees. This contamination by a fluid phase enriched in U and LREE took place before or during recrystallization which produced the primary mineral assemblage of the inclusions. The xenoliths were subsequently accidentally incorporated into basalts which are not genetically related to them.
The fractionation of elements such as A1, Na, Ca, Ni and Co indicates that the inclusions are upper-mantle residues after different degrees of melting of different sources. Assuming that the original upper mantle had pyrolitic composition, the variations of trace elements in the peridotite xenoliths imply at least two stages of partial melting. Similar variation trends are shown by peridorite xenoliths and suggest a similar evolution, i.e. the peridotite xenoliths in various localities underwent multi-stage melting events.
